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Abstract
In the machining of large structural components such as those used in the construction of airplanes, most of the material is removed, while at
the same time, a large amount of heat is inserted into the workpiece. During roughing operations in dry milling, the thermal load can lead to
workpiece distortions that result in a violation of the manufacturing tolerances of the ﬁnished part. Although the variation of process parameter
values and milling strategies can inﬂuence and signiﬁcantly reduce the thermal loading, eﬀects such as chatter or limitations of the machine also
have to be taken into account.
In this paper, the interrelation between process parameter values and dynamic tool behavior is investigated, as both have a large inﬂuence on
the thermal loading of the workpiece. Milling with a high material removal rate typically results in a lower heat input into the workpiece, but this
approach is limited and may lead to process instabilities, manifested in chatter of the tool.
In this paper, a basic experimental analysis for the inﬂuencing process parameters feed per tooth fz, axial immersion ap, radial immersion ap,
and spindle speed n is conducted, and the eﬀects of chatter on the thermal loading of the workpiece is analyzed by experiment. A geometric
simulation of the milling process is utilized in order to reduce the experimental eﬀort, as well as to to increase the knowledge of the heat input
mechanisms. The simulation system is able to calculate the transient dynamic behavior of the tool with high accuracy and can therefore be used
to predict the process stability in advance. Additionally, a thermal model is used to simulate the temperature of the workpiece material during the
dry milling process.
c© 2015 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the International Scientiﬁc Committee of the “New Production Technologies in Aerospace Industry” confer-
ence.
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1. Introduction
In milling processes, the cutting work results in a dynamic
excitation of the tool. Under economic aspects, it is often de-
sirable to maximize the material removal rate by choosing large
values of axial or radial depth of cut and feed. When unfavor-
able process parameter values are chosen, the dynamic tool re-
sponse may result in chatter, signiﬁcantly impacting the surface
quality. Among others, these parameters also aﬀect the thermal
load of the workpiece, and as a consequence the thermoelas-
tic material response. When considering only the temperature
aspect, a faster process, in terms of maximizing the material re-
moval rate, results in an overall lower thermal load within the
material.
This paper investigates the interdependence of thermal
workpiece load and process stability in NC milling. To this
end, the speciﬁc dynamic behavior of the tool is analyzed by
modal analysis. A stability chart of the process is computed us-
ing a model-based approach. The simulated data is veriﬁed by
experiment. Subsequently, a series of experiments is presented
wherein the thermal loading of the workpiece was investigated
for a large number of diﬀerent spindle speeds and varying depth
of axial cut, starting below and subsequently exceeding the pre-
dicted stability threshold. Using a simulation system which has
been used successfully in predicting thermal workpiece load-
ing [1,2], the heat input for the idealized (i.e. unconditionally
stable) and dynamic milling process is predicted.
2. Related Work
Arrazola et al. [3] present a recent overview of the advances
in the modeling of machining processes in general, including
the modeling of thermomechanical aspects. A popular tech-
nique for the modeling of machining processes is the ﬁnite el-
ement analysis (FEA), which can be used to approximate solu-
tions of the diﬀerential equations that describe a time-varying
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model status [4]. Using FEA, a wide range of fundamental
variables, including cutting forces, material stresses, heat par-
titioning, and thermomechanical deformation can be predicted.
However, due to limited computational resources, merely com-
paratively short process durations can be analyzed. An example
of this is the chip formation process, for which the calculation
of a single chip can take several hours [5]. Complete machin-
ing processes are computable in acceptable time frames only
when model simpliﬁcations are assumed, which in turn result
in a loss of accuracy. In order to meet this problem, a well es-
tablished balance in recent years has been found in the use of
hybrid models operating on diﬀerent scales. Further, empirical
approaches have also found application in many simulation sys-
tems. While lacking the ability of computing fundamental vari-
ables by means of accurate physical modeling, their eﬃciency
allows for the simulation of comparatively long processes in
acceptable time frames.
Thermomechanical eﬀects in machining processes have
been in the focus of research for a long time. This particular
topic has received further attention in recent years due to the
installation of the priority programm SPP 1480. The following
provides an overview of recent results applicable to the problem
domain:
Schindler et al. [6] present a coupled simulation system for
turning processes that can predict thermomechanical eﬀects. It
is comprised of a local FE model for the calculation of the heat
input, and a global model for the prediction of the thermoelas-
tically induced workpiece deformation. Denkena et al. [7] use
a hybrid simulation system applicable to NC-milling processes.
The material removal model uses a dexel technique, and an FE
model is employed for the prediction of the thermomechanical
material response. The simulation system described by Gulpak
et al. [8] uses coupled FEA and linear regression models for the
separate prediction of eﬀective source stresses and thermome-
chanical material behavior. A global FE model is then used for
superimposing both data.
A central task in many modeling approaches used for simu-
lating machining processes is the accurate prediction of the cut-
ting forces. In contrast to FEA, where complex material models
are used in order to calculate these forces, empirical models al-
low for the estimation of these fundamental variables by simple
geometric analysis, and a small set of parameters which are de-
termined by experimental calibration. Originally developed for
the prediction of cutting forces in turning process, the Kien-
zle model [9] has since found application in a large number of
milling simulation systems [10,11]. Using this approach, the
prediction of transient process forces even for individual tooth
feeds becomes possible. The geometric description of the uncut
chip shape can be determined by use of dexel models or con-
structive solid geometry (CSG). The geometric process simula-
tion on which the investigations in this paper are based makes
use of multiple models in order to predict cutting forces, tool
dynamics, and thermal workpiece behavior [1]. These funda-
mental variables are computed by consideration of the speciﬁc
contact and cutting conditions. When appropriately calibrated
for a speciﬁc tool and workpiece material, the simulation sys-
tem is capable of predicting the thermal loading of workpieces
for complete milling processes [2].
3. Experimental Work
The following subsections describe the experimental work
that was undertaken in order to determine the eﬀect of chatter
on the heat input during milling. All experiments were per-
formed on a Ro¨ders TEC RFM 1000 three-axis milling ma-
chine, using a cutter with two teeth and a diameter of 12mm.
The tool used in the experiments is made of uncoated HM
MG10, has a corner radius of 1.5mm, a helix angle of λ = 30◦
and a rake angle of γ = 15◦. All probes used in the milling
experiments were made of aluminum AL 7075 T 651.
3.1. Analysis of Tool-Spindle System Dynamics
Prior to undertaking any milling experiments, the tool sta-
bility was analyzed. For this purpose, the tool was mounted in
the spindle of the machine, and an impact hammer modal test
was performed. Using the approach described in the following
subsection, and considering the measuring results from the im-
pact modal hammer test, the process stability was calculated in
order to plan the milling experiments.
3.1.1. Prediction of Tool Stability
The dynamic tool-spindle system behavior can be modeled
by use of uncoupled harmonic oscillators, where the model pa-
rameters are determined by experiment. For the purpose of
model-based planning of the heat input experiments, a set of
six oscillator models for each direction was used for the com-
putation of a stability diagram. Cross frequency response was
neglected for reasons of simplicity.
For this particular combination of tool and spindle, the os-
cillator data shown in Fig. 1 was obtained. With this data, the
cutting forces are calculated at discrete points in time during
each tooth feed and then applied to the dynamic model. Us-
ing this approach, the tool deﬂection, modulated uncut chip
shape and the regenerative eﬀect during the milling process can
be calculated. The process stability is assessed by considering
the Poincare´ section with respect to the tooth feed. A predic-
tion of the process stability in dependence of ap and n can be
achieved by considering a ﬁnite set of values for those param-
eters, and running simulations for all possible combinations,
while all other process parameter values (such as ae, fz, etc.)
remain constant. An example for diﬀerent dynamic tool behav-
ior is presented in Fig. 2.
This model-based analysis allows for an automated evalua-
tion of the process stability under variation of speciﬁc process
parameter values.
As can be seen, tool chatter inﬂuences the cutting forces and
results in surface location errors. An unstable process may re-
sult in dimensional or roughness errors and inﬂuence the tool
wear. A systematic investigation of the process stability results
in a stability diagram, which provides information on the stabil-
ity of the process when using the corresponding combination of
process parameter values. In addition to experimentally deter-
mined stability charts, the described simulation approach can
be used for the prediction of the same. A predicted stability
diagram for diﬀerent combinations of depth of axial cut ap and
spindle speed n of the analyzed tool-spindle system is shown
in Fig. 3. The simulation system was set up according to the
calibration data and geometrical and physical properties of the
experiments, i.e. using a 12mm toroidal cutter, constant tooth
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Fig. 1. Measured and predicted frequency response function with the parameter
values of two oscillator systems for the x and the y direction.
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Fig. 2. Predicted surface locating errors and cutting forces for ap = 2.0mm at
spindle speeds of n = 14, 000RPM and n = 18, 000RPM.
feed f z = 0.07mm and radial immersion ae = 6mm. The color
mapping corresponds to the diameter of the Poincare´ section.
The force parameters were calibrated for the mentioned cutter
and a workpiece of Al 7075 T651.
A particular process parameter combination is considered to
be unstable if the predicted Poincare´ section exceeds 10% of the
tooth feed. The presented diﬀerence of the measured frequency
response functions (cf. Fig. 1) has a signiﬁcant inﬂuence on the
process stability with respect to the feed direction. These dif-
ferences are most likely caused by the structure of the milling
machine: The machine design consists of a portal carrying the
y and z axes, while the feed in x direction is implemented via a
movable table. The stability diagram in Fig. 3 a) shows stabil-
ity calculations for milling in the x direction. Instabilities are
predicted beginning at 18, 000RPM for ap ≈ 2.0mm. As ap
increases further, the predicted instability region grows about
that spindle speed.
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Fig. 3. Stability diagram for varying axial immersion and spindle speeds in the
x direction (a) and in y direction (b). Diﬀerences are most likely attributable to
the portal design of the machine.
A signiﬁcantly lower tendency for tool chatter can be seen
in Fig. 3 b). While the general distribution of stable and unsta-
ble areas in the parameter range is comparable, the maximum
stable axial immersion is higher for each spindle speed. This
behavior had to be taken into account for the interpretation of
the following experimental investigation.
3.2. Heat Input Investigation Experiments
The probes used in the experiments were rectangular cuboids
of dimensions 70mm × 70mm × 20mm. In order to mea-
sure the workpiece temperature, a total of 40 inserts of diame-
ter 0.5mm were bored into the side faces of the workpiece. On
each side, 10 inserts were positioned at the lengthwise center,
spaced vertically at distances of 1.0mm, with the ﬁrst insert po-
sitioned at an oﬀset of 2mm with respect to the top face of the
workpiece.
For each experiment, a probe was mounted on a Kistler
9257B 3D force measurement platform. At each depth level,
the workpiece was machined along each side in straight paths
with a constant radial depth of cut of ae = 6mm, while the
spindle speed n was varied. The axial depth of cut ap was var-
ied between 1.0mm and 3.0mm. Experiments were conducted
with a tooth feed of fz = 0.07mm. The considered parameter
variations are listed in table 1.
For each vertical level of material removal, thermocouples
88   M. Schweinoch et al. /  Procedia CIRP  35 ( 2015 )  85 – 90 
Table 1. Performed experiments by variation of ap and n.
ap n increments
1.0mm 11500 . . . 29000 500/min
2.0mm 12000 . . . 29000 1000/min
3.0mm 12000 . . . 29000 2000/min
Thermocouples
Force measurement
platform
Pertinax plate (2mm)
20m
m
70m
m
70mm
-2mm
-11mm
-6mm
0mm
Fig. 4. Experimental setup used in investigation. The enlarged region shows
the inserts for the thermocouples.
were placed into the inserts directly below that level, thus al-
lowing for a measurement of temperature as close as possible to
the heat input location. In order to reduce the temperature ﬂow
from workpiece material to the force measurement platform, a
plate of pertinax, 2.0mm in thickness, was placed between the
workpiece and the platform. The resulting workpiece is shown
in Fig. 4, with the enlarged view depicting the thermocouple
inserts.
For the analysis of the measurement data, each side was in-
dividually considered. For a particular side, the respective ther-
mocouple would exhibit a peak value at that point in time when
the milling tool passed just over its location. This point in time
is denoted by tmax, with the corresponding temperature value re-
ferred to as Tmax. A reference temperature Tre f was determined
for each side at tre f = tmax − 0.5 sec. The diﬀerence between
these temperatures, denoted by T := Tmax − Tre f , can then be
used as a measure for the heat input, with respect to a particular
spindle speed.
In order to determine the stability of a particular spindle
speed and for a particular depth of axial cut, the Fourier trans-
form of the magnitude of the cutting force vector over time was
analyzed. The region of analysis was centered on the time point
tmax, with a width amounting to 20 tooth engagements, or 10 full
rotations of the cutting tool. For ap = 1.0mm and ap = 2.0mm,
Fig. 5 a) shows the corresponding spectra for n = 14, 000.
For both spectra, the most signiﬁcant frequency is located at
approximately 466Hz, corresponding to the tooth engagement
frequency at that particular spindle speed. Further signiﬁcant
frequencies are located at full multiples of the tooth engage-
ment frequency, suggesting an overall stable process. Fig. 5 b)
shows the spectra for both values of ap at a spindle speed of
n = 18, 000. While the spectrum for ap = 1.0mm shows char-
acteristics similar to those seen in Fig. 5 a), the spectrum for
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Fig. 5. a) Fourier transform of the cutting force magnitude at n = 14, 000
for ap = 1.0mm and ap = 2.0mm. b) Fourier transform of the cutting force
magnitude at n = 18, 000 for ap = 1.0mm and ap = 2.0mm.
ap = 2.0mm shows large peaks at frequencies all across the
spectrum, suggesting an unstable process.
In agreement with the calculated stability chart (cf. Fig. 3),
the experiments for ap = 1.0mm exhibited no instabilities. The
resulting heat input, in terms of T, largely complies to the
expected results, where, in a stable process, the speed of that
process is the dominating factor of inﬂuence: For any practical
application, a slower process typically results in a higher heat
input and thermal loading. For ap = 1.0mm, the values of T
with respect to the spindle speed are shown in Fig. 6 a). As each
experiment consisted of milling all four sides of the respective
probe with a particular spindle speed, four measurements were
taken in order at the thermocouples denoted by TC1 through
TC4, which were placed in the slots shown in Fig. 4 c). Fig. 6 a)
shows a periodic pattern in the values of T, where the value of
T decreases slightly for measurement positions TC1 through
TC3, and increases slightly on TC4. This periodic pattern is
likely attributable to geometric inaccuracies in the manufactur-
ing of the probes: As T is determined at tmax, i.e. the point in
time when the tool passes over the thermocouple, even minute
positional inaccuracies can result in considerable measurement
artifacts. When considering the measurement positions individ-
ually, the trend clearly shows a decrease of T as the spindle
speed increases.
For ap = 2.0mm, the results are shown in Fig. 6 b). The pre-
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Fig. 6. T with respect to spindle speed n for a) ap = 1.0mm b) ap = 2.0mm.
dicted and measured instabilities lie in the region of 16, 000 <
n < 22, 000, which is accordingly colored in the plot. In direct
comparison to the measurements obtained for ap = 1.0mm, the
measurements for ap = 2.0mm show a larger ﬂuctuation with
respect to the predicted trend line. When considering the mea-
surement positions individually, a pronounced decrease of T
can be identiﬁed in the region of instability. Similar observa-
tions were made for ap = 3.0mm.
4. Model-Based Analysis
In addition to the experimental investigation, the simulation
system has been utilized in order to simulate the performed ex-
periments. For this, a hybrid workpiece model was used that is
comprised of a geometric and a thermal model. The geomet-
ric model is able to describe the workpiece state and the uncut
chip thickness for each individual tooth feed. Further, the dy-
namic tool model generates input data for the description of the
modulated uncut chip and thus for predicting the regenerative
eﬀect.
For ap = 2.0mm, Fig. 7 a) shows the predicted values of
T over spindle speed n for an idealized (i.e. unconditionally
6
10
14
°C
22
12 16 20 103 RPM 28
a)
b)
Spindle speed
T
Idealized Dynamic (x-dir) Dynamic (y-dir)
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Fig. 7. a) Simulated T for ap = 2.0mm with respect to spindle speed. b)
Predicted workpiece geometry under consideration of dynamic tool behavior.
stable) process and under consideration of dynamic tool behav-
ior. The solid line results from simulating the process under the
idealized assumption of no dynamic response. When running
the simulation with dynamic behavior, the direction of move-
ment of the cutting tool noticably aﬀects the resulting heat in-
put. Fig. 7 b) shows the predicted workpiece geometry when
considering dynamic tool behavior. The surface location errors
are signiﬁcantly larger in x direction than in y direction, result-
ing from the diﬀerent frequency response functions, shown in
Fig. 1. This eﬀect was also observed in the physically machined
probes.
In the case of an ideal process, the simulation system cor-
rectly predicts the trend of the temperature with respect to in-
creasing spindle speed. Further, the simulation predicts a lower
heat input for slight tool chatter (y direction) than for the ideal-
ized process (without tool dynamics). For increased too chatter
(x direction) this trend inverts resulting in an overestimation of
the heat input. These results reﬂect the inability of the sim-
ulation system to accurately predict the correct heat input for
processes with intense tool chatter.
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5. Summary and Outlook
In this paper, the eﬀect of process stability on the heat in-
put was analyzed. First, the dynamic response of the utilized
tool-spindle system was determined using modal analysis. The
results of the modal analysis were used by a simulation system
capable of predicting dynamic behavior, thus allowing for the
prediction of a stability diagram for a particular tool-workpiece
combination.
In basic experiments, the predicted instabilities could be ver-
iﬁed. During evaluation, the stable processes exhibited a steady
decrease of heat input with increasing spindle speed, when all
other parameters remained unchanged. These empirical obser-
vations were also correctly predicted in trend by the simulation
system.
Unstable processes showed a decrease in heat input signif-
icantly exceeding that of simply increasing the spindle speed.
This observation suggests that it is possible to use intentional
tool chatter in order to reduce the heat input during the milling
process.
While the simulation system correctly predicted the direc-
tion dependence of the tool chatter along with the resulting sur-
face location errors, the characteristic heat input values T at
the particular spindle speeds did not coincide or follow the trend
of the experimental values. Instead, these values showed a clear
dependence on the milling direction, with values in y direction
falling short of, values in x direction exceeding the values ob-
served in the experiments.
The experimental setup described herein was designed for
automated evaluation of the measurements using the scripting
features of software packages such as DIAdem, with each depth
level resulting in an analysis of four spindle speeds. This ap-
proach, while eﬃcient, is highly sensitive to minute geometric
and measurement inaccuracies. Future investigations will be
performed with an improved experimental setup.
Despite the interference in the thermal measurements, the
conducted experiments clearly support the theory of signiﬁ-
cantly lower heat input when tool chatter occurs. Future re-
search will be aimed at gaining a better understanding of the
mechanisms aﬀecting the heat input during instable processes,
in order to extend the simulation system to appropriately pre-
dict the resulting thermal loading. To this end, an analysis of
a more complex example, such as the the milling of a pocket,
with intentional tool chatter, might provide more insight.
Acknowledgements
This paper is based on investigations and ﬁndings of the
project Simulation of Thermomechanical Deformations in NC
Milling (ZA 427/3-3) of the priority program SPP 1480 (Cut-
Sim) which is kindly supported by the German Research Foun-
dation (DFG).
References
[1] Surmann, T., Ungemach, E., Zabel, A., Joliet, R., Schro¨der,
A.. Simulation of the Temperature Distribution in NC-Milled
Workpieces. Advanced Materials Research 2011;223:222–230.
doi:10.4028/www.scientiﬁc.net/AMR.223.222.
[2] Schweinoch, M., Joliet, R., Kersting, P.. Predicting thermal load-
ing in nc milling processes. Production Engineering 2015;9(2):179–186.
doi:10.1007/s11740-014-0598-z.
[3] Arrazola, P., O¨zel, T., Umbrello, D., Davies, M., Jawahir, I.. Recent
advances in modelling of metal machining processes. CIRP Annals - Man-
ufacturing Technology 2013;doi:10.1016/j.cirp.2013.05.006.
[4] Mackerle, J.. Finite-element analysis and simulation of machining: a
bibliography (1976–1996). Journal of Materials Processing Technology
1999;doi:10.1016/S0924-0136(98)00227-1.
[5] Smolenicki, D., Boos, J., Kuster, F., Wegener, K.. Analysis of The Chip
Formation of Bainitic Steel in Drilling Processes. Fifth CIRP Conference
on High Performance Cutting 2012;doi:10.1016/j.procir.2012.05.027.
[6] Schindler, S., Zimmermann, M., Aurich, J.C., Steinmann, P.. Thermo-
elastic deformations of the workpiece when dry turning aluminum alloys -
a ﬁnite element model to predict thermal eﬀects in the workpiece. CIRP
Journal of Manufacturing Science and Technology 2014;7(3):233–245.
doi:10.1016/j.cirpj.2014.04.006.
[7] Denkena, B., Schmidt, A., Henjes, J., Niederwestberg, D., Niebuhr,
C.. Modeling a Thermomechanical NC-Simulation. Procedia CIRP
2013;doi:10.1016/j.procir.2013.06.067.
[8] Gulpak, M., So¨lter, J., Brinksmeier, E.. Prediction of
Shape Deviations in Face Milling of Steel. Procedia CIRP
2013;doi:10.1016/j.procir.2013.06.058.
[9] Kienzle, O.. Die Bestimmung von Kra¨ften und Leistungen an spanenden
Werkzeugen und Werkzeugmaschinen. VDI-Z 1952;94.
[10] Denkena, B., Bo¨ß, V.. Technological NC Simulation for Grinding and
Cutting Processes Using CutS. In: Proceedings of the 12th CIRP Confer-
ence on Modeling of Machining Operations. 2009,.
[11] Odendahl, S., Kersting, P.. Higher Eﬃciency Modeling of Surface Lo-
cation Errors by Using a Multi-scale Milling Simulation. Procedia CIRP
2013;doi:10.1016/j.procir.2013.06.161.
